In the present study, we recycled waste carpet using a vacuum-assisted resin transfer molding (VARTM) process. Three different variations of carpet composites were fabricated, namely, neat epoxy, clay-coated, and clay-infused carpet composites. The carpet composite samples were degraded hygrothermally as well as under a cyclic UV condensation condition. Presence of clay was shown to impede the moisture absorption and UV degradation in the carpet composites. Flexural properties also showed that the presence of clay slows the degradation process of the composites. The flame retardancy result indicated that the presence of clay in the polymer network decreases the ignition time of the carpet composites.
Introduction
Carpet waste is both an environmental and economic problem because of the costs involved in the disposal of waste carpet. The costs also consist of discarding of valuable raw materials like Nylon 66, polyester, polyvinyl chloride (PVC), polypropylene (PP), other olefins, etc. which go to landfills as well as the cost of transporting the waste to landfills. The presence, of used post-consumer carpet material at the landfilling is causing several environmental issues because the carpet fibers are non-biodegradable. Therefore, recycling of carpet as a structural composite serves as a motivation to address the problem of recycling waste carpet [1] [2] [3] [4] .
The recycling process of carpet has been minimal due to different material components and accumulation of various contaminants. Recycling can be done either by depolymerization, separation of a part, melt blending, or energy recovery. However, these recycling techniques are pervasive, time-consuming, and economically infeasible. This results in limited recycling, and therefore improvement in the recycling process is required [1, 2] .
Recently, several studies have been done on the recycling of the waste carpet into the structural composites using the vacuum-assisted resin transfer molding (VARTM) technique [4, 5] . The main advantage of this recycling process is that it does not require any physical or chemical treatment of the carpet, and the process uses as-received carpet.
As a result, it eliminates the energy and cost barriers of the traditional recycling processes. These composites can be used as the structural component for highway sound barriers [4] and tooling composites [5] . Carpet composite has shown high sound absorption properties as compared with conventional highway barriers. However, during long-term outdoor applications, the composite panels are exposed to UV, moisture, heat, wind, dust and other pollutants that could potentially deteriorate the properties of the composite panels [6] [7] [8] [9] [10] [11] [12] . Epoxy and the nylon fiber have shown to be significantly
Experimental

Materials
The resin system used for this study was System 2000 epoxy purchased from FibreGlast Corporation (Brookville, IN, USA), which is a diglycidyl ether bisphenol A (DGEBA-) based resin, mixed with 2120 epoxy (primary amine-based) hardener at the ratio of 100:27 (epoxy:hardener). The mixture had a medium viscosity of 925-975 cps and a 2-h pot life at room temperature.
The nanoclay used in this study was Nanomer I.28 (Nanocor, Inc., Hoffman Estates, IL, USA). This nanoclay had been selected because of its affinity with the epoxy resin, and also because of the long chain length of clay, since a chain length of 28 clay as the modifier helps with better dispersion and higher mechanical strength of the nanocomposites than clay modified with a shorter chain.
In this study, a nylon cut and loop type carpet called Orange Cool Aid by Shaw Industries (Atlanta, GA, USA) was selected.
Fabrication of Carpet Composites
For this study, only BTTB (bottom-top-top-bottom) configurations have been used as shown in Figure 1 . The following three different types of carpet composites were fabricated for this study: (a) neat epoxy carpet composite, (b) clay-coated carpet composite, and (c) clay-infused carpet composite.
Recycling 2019, 3, x FOR PEER REVIEW 2 of 10 shown a reduction in the moisture absorption rate while maintaining the mechanical integrity of the material [16] [17] [18] [19] [20] [21] [22] . Polymers are more vulnerable than metal, ceramic, or concrete as a construction material because of their flammability. The polymer can start a flame once the surface temperature reaches the ignition point. Nanoclay is also used as a fire retardant material for polymers due to either the barrier effect or the formation of char [23] [24] [25] [26] [27] . The network structure formed by nanoparticles creates a thermal shield for heat, oxygen, and other combustible products and reduces the supply of fuel for the flame.
The primary objective of this study is to understand the influence of clay present in mechanical, environmental, and flammability properties of the recycled carpet composite fabricated by the VARTM process.
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Materials
Fabrication of Carpet Composites
The vacuum-assisted resin transfer molding (VARTM) process was used to fabricate carpet composites, as shown in Figure 2 . In this process, layers of carpet were placed on a metal mold which was completely sealed inside a vacuum bag with an inlet and outlet port for the resin to flow through the carpet layers. A vacuum pressure of 75 kPa was utilized to pull the resin and infuse inside the carpet layer. To fabricate clay-coated composite, first, epoxy resin and clay at the weight ratio of 100:4 clay were mixed by magnetic stirring for 24 h at 120 °C following the addition of the hardener. The clay mixture was coated by a paint roller on neat epoxy carpet composite. The vacuum-assisted resin transfer molding (VARTM) process was used to fabricate carpet composites, as shown in Figure 2 . In this process, layers of carpet were placed on a metal mold which was completely sealed inside a vacuum bag with an inlet and outlet port for the resin to flow through the carpet layers. A vacuum pressure of 75 kPa was utilized to pull the resin and infuse inside the carpet layer. After coating, the coated material was cured at room temperature for 24 h followed by postcuring at 121 °C for 6 h. To fabricate the clay-infused carpet composites, 4 wt% of clay was dispersed in the epoxy by magnetic stirring for 24 h at 120 °C, and the clay-epoxy mixture was infused through the carpet layers by the VARTM process. The resin was pre-cured for 24 h at room temperature, and then, post-cured at 121 °C for 6 h.
Moisture and UV Exposure
In order to understand the effect of hygrothermal degradation in carpet composites, the samples were submerged in sub-boiling deionized water for 1000 h. A bulb condenser was attached on the hood of the water vessel to prevent water evaporation and to maintain a constant water level. Maintaining the same water level helped to keep the temperature steady. Edges of the specimens were coated with high-temperature wax to ensure unidirectional water diffusion. Before submerging the samples, the temperature of the water was kept around 80 °C by controlling the hot plate temperature. To reduce evaporation loss during the weight measurements, samples were placed in room temperature water for 10 min to bring them to ambient temperature before weight measurement. Before every analysis, the specimen surface was wiped carefully to remove the surface water.
We also investigated the combined effect of UV and condensation by exposing several composite samples to alternating cycles of 8 h of UV radiation and 4 h of water vapor condensation [27] . The prepared 65 × 65 mm composite plate was exposed. For the first cycle, an irradiance of 0.89 W/m 2 at 50 °C was applied, and for the second cycle condensed air was applied at 50 °C for 4 h using QUV/SE accelerated weathering tester (Q-Panel Lab Products, Cleveland, OH, USA) after every 2 cycles (24 h). High-temperature wax was applied on the edge of the composite to ensure unidirectional moisture diffusion.
Characterization of Mechanical Properties
Flexural strength and modulus were determined using the three-point bending test according to the ASTM D 790 standard [28] . The samples were cut as per the ASTM standard from prepared carpet composite plate. For this test, a Universal testing machine (Instron 5567, Norwood, MA, USA) was used with an adjustable anvil, two support anvils with a radius of 4 mm and a loading anvil with a 10-mm radius. A total of 10 samples per set was used to obtain the scatter in results.
Flammability Characterization
The flammability resistance of the carpet composite was determined as per the ASTM D 635-10 standard [29] as shown in Figure 3 . A composite bar of 125 mm length was placed horizontally, and the free end of the samples was exposed to a standard test flame for 30 s, and then a flame was removed. The time of the flame propagation between two fixed positions of the composite bar at a 75 To fabricate clay-coated composite, first, epoxy resin and clay at the weight ratio of 100:4 clay were mixed by magnetic stirring for 24 h at 120 • C following the addition of the hardener. The clay mixture was coated by a paint roller on neat epoxy carpet composite.
After coating, the coated material was cured at room temperature for 24 h followed by post-curing at 121 • C for 6 h. To fabricate the clay-infused carpet composites, 4 wt% of clay was dispersed in the epoxy by magnetic stirring for 24 h at 120 • C, and the clay-epoxy mixture was infused through the carpet layers by the VARTM process. The resin was pre-cured for 24 h at room temperature, and then, post-cured at 121 • C for 6 h.
Moisture and UV Exposure
In order to understand the effect of hygrothermal degradation in carpet composites, the samples were submerged in sub-boiling deionized water for 1000 h. A bulb condenser was attached on the hood of the water vessel to prevent water evaporation and to maintain a constant water level. Maintaining the same water level helped to keep the temperature steady. Edges of the specimens were coated with high-temperature wax to ensure unidirectional water diffusion. Before submerging the samples, the temperature of the water was kept around 80 • C by controlling the hot plate temperature. To reduce evaporation loss during the weight measurements, samples were placed in room temperature water for 10 min to bring them to ambient temperature before weight measurement. Before every analysis, the specimen surface was wiped carefully to remove the surface water.
We also investigated the combined effect of UV and condensation by exposing several composite samples to alternating cycles of 8 h of UV radiation and 4 h of water vapor condensation [27] . The prepared 65 × 65 mm composite plate was exposed. For the first cycle, an irradiance of 0.89 W/m 2 at 50 • C was applied, and for the second cycle condensed air was applied at 50 • C for 4 h using QUV/SE accelerated weathering tester (Q-Panel Lab Products, Cleveland, OH, USA) after every 2 cycles (24 h). High-temperature wax was applied on the edge of the composite to ensure unidirectional moisture diffusion.
Characterization of Mechanical Properties
Flammability Characterization
The flammability resistance of the carpet composite was determined as per the ASTM D 635-10 standard [29] as shown in Figure 3 . A composite bar of 125 mm length was placed horizontally, and the free end of the samples was exposed to a standard test flame for 30 s, and then a flame was removed. The time of the flame propagation between two fixed positions of the composite bar at a 75 mm distance was recorded. At the recorded time the flame propagation rate was measured in mm/min unit. An average of 10 samples was reported for each type of composite. Figure 4 represents the comparison of moisture absorption behavior in different carpet composites. As observed from the graph, after 1000 h, the neat epoxy composite has reached saturation. However, for clay contained composites, the moisture absorption is reduced. The relative amount of moisture for the neat epoxy composites was about 11%, whereas, for clay-coated and clayinfused samples, it was around 8% and 5%, respectively. This reduction in the moisture absorption due to the infusion and coating of clay is because of the barrier properties provided by the clay due to the clay-stacked structure. The maximum moisture absorption for epoxy and nylon are reported as 7% and 9%, respectively [23, 24] which suggests that neat carpet composite absorbs more moisture than the individual components. Figure 4 represents the comparison of moisture absorption behavior in different carpet composites. As observed from the graph, after 1000 h, the neat epoxy composite has reached saturation. However, for clay contained composites, the moisture absorption is reduced. The relative amount of moisture for the neat epoxy composites was about 11%, whereas, for clay-coated and clay-infused samples, it was around 8% and 5%, respectively. This reduction in the moisture absorption due to the infusion and coating of clay is because of the barrier properties provided by the clay due to the clay-stacked structure. The maximum moisture absorption for epoxy and nylon are reported as 7% and 9%, respectively [23, 24] which suggests that neat carpet composite absorbs more moisture than the individual components. Figure 4 represents the comparison of moisture absorption behavior in different carpet composites. As observed from the graph, after 1000 h, the neat epoxy composite has reached saturation. However, for clay contained composites, the moisture absorption is reduced. The relative amount of moisture for the neat epoxy composites was about 11%, whereas, for clay-coated and clayinfused samples, it was around 8% and 5%, respectively. This reduction in the moisture absorption due to the infusion and coating of clay is because of the barrier properties provided by the clay due to the clay-stacked structure. The maximum moisture absorption for epoxy and nylon are reported as 7% and 9%, respectively [23, 24] which suggests that neat carpet composite absorbs more moisture than the individual components. The change in the mass of the carpet composites due to moisture absorption as a function of the square root of time is shown in Figure 5 . In the plot, the initial straight line indicates one directional Fickian diffusion, which suggests that the movement of the moisture molecule is through micropores only [30, 31] . The composite prepared by only neat resin shows the highest increase in the mass with time as compared with the clay-coated and clay-infused composites. This increase in the mass for the neat resin is due to the higher moisture absorption, as shown in Figure 4 . The mass change for the composite prepared by clay infusion is less as compared with neat resin and clay-coated composites. The result indicates that the barrier properties of clay in the resin restrict the absorption of moisture in the composites.
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The change in the mass of the carpet composites due to moisture absorption as a function of the square root of time is shown in Figure 5 . In the plot, the initial straight line indicates one directional Fickian diffusion, which suggests that the movement of the moisture molecule is through micropores only [30, 31] . The composite prepared by only neat resin shows the highest increase in the mass with time as compared with the clay-coated and clay-infused composites. This increase in the mass for the neat resin is due to the higher moisture absorption, as shown in Figure 4 . The mass change for the composite prepared by clay infusion is less as compared with neat resin and clay-coated composites. The result indicates that the barrier properties of clay in the resin restrict the absorption of moisture in the composites.
Interestingly, composites prepared by clay coating initially show the rate of increase in mass similar to the neat resin, however, with an increase in time, the rate of change in mass decreases for the clay-coated composites. This decrease in the moisture absorption rate with an increase in exposure time is because the saturation on the surface is reached more quickly for clay-coated composite than neat resin composite. After saturation is reached on the surface, the clay restricts further moisture absorption. For the cyclic exposure of UV and condensation as shown in Figure 6 , we observed a similar trend in the change of mass in carpet composites, as neat resin gained more mass than either clayinfused or clay-coated carpet composites. The phenomena behind the mass change for cyclic exposure of UV and condensation is similar to the hygrothermal condition where clay either acts as a barrier for moisture absorption by providing the tortuous path. Interestingly, composites prepared by clay coating initially show the rate of increase in mass similar to the neat resin, however, with an increase in time, the rate of change in mass decreases for the clay-coated composites. This decrease in the moisture absorption rate with an increase in exposure time is because the saturation on the surface is reached more quickly for clay-coated composite than neat resin composite. After saturation is reached on the surface, the clay restricts further moisture absorption.
For the cyclic exposure of UV and condensation as shown in Figure 6 , we observed a similar trend in the change of mass in carpet composites, as neat resin gained more mass than either clay-infused or clay-coated carpet composites. The phenomena behind the mass change for cyclic exposure of UV and condensation is similar to the hygrothermal condition where clay either acts as a barrier for moisture absorption by providing the tortuous path. Table 1 summarizes the flexural strength of carpet composites before and after moisture absorption. The obtained flexural strength value of neat resin and clay-coated composites shows a similar value. The result suggests that the thin clay layer coating did not show any effect in the flexural strength. However, for the clay-infused samples, around 13% increase in flexural strength was observed as compared with the neat epoxy composite. Previously, researchers have also shown a similar result with the clay inclusion. The improvement in flexural strength for clay-infused carpet composites is attributed to the enhancement of strength in the epoxy matrix and the interfacial interaction of fibers and clay [32, 33] .
Mechanical Properties
In comparison with the as-prepared samples, a significant reduction of flexural strength of the composites has been noticed after the moisture absorption. For the neat epoxy composite, clay-coated composite, and clay-infused composites the observed reduction in flexural strength was 22.7%, 18.7%, and 15.7%, respectively. Reduction in flexural strength can be due to chemical degradation of both the fiber and epoxy matrix, and due to the decrease in interfacial bonding between the fibers and epoxy. The minimum reduction of flexural strength was in the clay-infused composite. It can be assumed that the higher barrier property of the clay-epoxy matrix against water slowed down the degradation process of the nylon and the fiber-matrix interface. At the same time, the presence of clay in the epoxy matrix maintained better mechanical properties of the epoxy matrix after the degradation process.
For the cyclic exposure of UV condensation, the results show an unexpected increase in flexural strength. The possible explanation for this could be an increase in the cross-linking density in the epoxy matrix due to the high temperature in the degradation chamber [34, 35] . UV degradation are surface phenomena and due to the thicker carpet composite sample the 1000 h exposure time is not enough to significantly change the mechanical properties as a result of degradation. Similar behavior was explained by Liau et al. [16] . 
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As-Is Flexural strength (MPa) Cyclic UV condensation Table 1 summarizes the flexural strength of carpet composites before and after moisture absorption. The obtained flexural strength value of neat resin and clay-coated composites shows a similar value. The result suggests that the thin clay layer coating did not show any effect in the flexural strength. However, for the clay-infused samples, around 13% increase in flexural strength was observed as compared with the neat epoxy composite. Previously, researchers have also shown a similar result with the clay inclusion. The improvement in flexural strength for clay-infused carpet composites is attributed to the enhancement of strength in the epoxy matrix and the interfacial interaction of fibers and clay [32, 33] . In comparison with the as-prepared samples, a significant reduction of flexural strength of the composites has been noticed after the moisture absorption. For the neat epoxy composite, clay-coated composite, and clay-infused composites the observed reduction in flexural strength was 22.7%, 18.7%, and 15.7%, respectively. Reduction in flexural strength can be due to chemical degradation of both the fiber and epoxy matrix, and due to the decrease in interfacial bonding between the fibers and epoxy. The minimum reduction of flexural strength was in the clay-infused composite. It can be assumed that the higher barrier property of the clay-epoxy matrix against water slowed down the degradation process of the nylon and the fiber-matrix interface. At the same time, the presence of clay in the epoxy matrix maintained better mechanical properties of the epoxy matrix after the degradation process.
Mechanical Properties
For the cyclic exposure of UV condensation, the results show an unexpected increase in flexural strength. The possible explanation for this could be an increase in the cross-linking density in the epoxy matrix due to the high temperature in the degradation chamber [34, 35] . UV degradation are surface phenomena and due to the thicker carpet composite sample the 1000 h exposure time is not enough to significantly change the mechanical properties as a result of degradation. Similar behavior was explained by Liau et al. [16] . Table 2 shows the flexural modulus of different carpet composites before and after moisture absorption. The prepared clay-infused composites demonstrate a 40.8% increase in flexural modulus as compared with the neat epoxy samples. The increase in the flexural modulus is due to the presence of the stiffer clay material. Another possible explanation for the modulus enhancement could be the increase in interfacial bonding between matrix and fiber by clay platelets. Reduction in elastic modulus due to moisture absorption is observed in carpet composites. This decrease in the modulus is directly related to the scission of the polymer chain. For the neat epoxy, clay-coated, and clay-infused carpet composites the reduction was 51.2%, 41.1%, and 46.3%, respectively.
The neat, clay-coated, and clay-infused carpet composites show an increase in flexural modulus after alternating UV condensation exposure. This may be due to the increase in crosslink density due to the UV exposure that resulted in restricted molecular movements. The clay-coated samples have clay film only on the surface, and it can be assumed that clay film delayed the ignition time to initiate the flame propagation. The formation of the initial flame is important in flame propagation in the absence of any other external heat source [36] . Delayed ignition time can be attributed to the thermal stability increase provided by nanoclay. The lowest flame propagation rate is observed in the clay-infused composite which indicates that the presence of clay 
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